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This thesis report is based on the cradle-to-grave carbon footprint (CFP) calculation per-
formed on UPM ForMi GP20 that is used in ‘Biofore Concept Car’. A comparative cradle-
to-gate CFP calculation was also performed on UPM ForMi GP20 and Acrylonitrile Butadi-
ene Styrene (ABS) assuming that they would be used in the city car when it was mass 
produced in a factory. The ‘Biofore Concept Car’ is a product of ‘Biofore Concept Car Pro-
ject’ which is a collaborative work of Helsinki Metropolia University of Applied Sciences, 
Finnish Funding Agency for Technology and Innovation (TEKES), UPM, and other partner 
companies. The Biofore Concept Car represents the change and direction that automotive 
industry is heading for through the use of renewable, recyclable, and sustainable products. 
  
UPM ForMi GP20 consists of approximately 20% cellulose fibers reinforcement in polypro-
pylene matrix. These cellulose fibers are obtained from sustainably managed forests of 
Finland. The presence of cellulose fibers with a sustainable origin gives UPM ForMi GP20 
an eco-friendlier status compared to other conventional thermoplastics. One of the main 
aims of this thesis project was to compare the environmental impact of UPM ForMi GP20 
with a conventional plastic (ABS was included in this analysis) in terms of global warming 
potential when they are assumed to be used in a Mass produced Biofore car.  
 
Concept car making is more resource consuming and heavily emitting than mass produc-
tion. Accordingly, the CFP analysis of UPM ForMi GP20 used in the concept car resulted 
in greenhouse gases (GHG) emission of approximately 5400 kg CO2eq which was directly 
related to the one-time use of mold material SikaBlockTM M650. When assumed to be used 
in mass produced car, the carbon footprint of UPM ForMi GP20 and ABS were calculated 
to be approximately 655 kg CO2eq and 725 kg CO2eq, respectively. Thus, the use of UPM 
ForMi GP20 in mass produced car instead of ABS could prevent approximately 70 kg 
CO2eq of GHG emissions. A sensitivity analysis was also performed on the CFP of UPM 
ForMi GP20 assumed to be used in mass produced car comparing base scenario with 
other four scenarios. 
Keywords Cradle-to-grave, Carbon footprint, Global warming potential, 
Cellulose fibers, Thermoplastics  
  
 
Contents 
 
List of Figures  
List of Tables  
Abbreviations  
Units  
1 Introduction 1 
1.1 Background 1 
1.2 Biofore Concept Car Project 1 
1.3 UPM ForMi 2 
1.4 Carbon Footprint Analysis (CFPA) of UPM ForMi 3 
2 Literature Review 4 
2.1 Global Warming 4 
2.2 Carbon Footprint 4 
3 Methodology 6 
3.1 The goal definition 6 
3.2 The process map 6 
3.3 The scope definition 7 
3.3.1 The Functional Unit 7 
3.3.2 Life Cycle Phases and System Boundary 7 
3.3.3 Assumptions 9 
3.4 Data Collection and Emission Calculation 10 
4 Detailed Description of Phases of UPM ForMi and ABS 11 
4.1 CTG phases of UPM ForMi and ABS used in Biofore Concept Car and Mass 
produced Biofore car 11 
4.2 Processing Phase: Biofore Concept Car and Mass produced Biofore car 12 
4.2.1 Processing of UPM ForMi used in Biofore Concept Car 12 
4.2.2 Processing of UPM ForMi and ABS used in mass produced concept 
car  13 
4.3 Use Phase: Biofore Concept Car and Mass produced Biofore car 13 
4.4 Disposal Phase of UPM ForMi and ABS: Biofore Concept Car and Mass 
produced Biofore car 14 
  
4.5 Transportation Phase: Biofore Concept Car and Mass produced Biofore car
 14 
5 Calculations 16 
5.1 CFPA of UPM ForMi used in Biofore Concept Car 16 
5.1.1 CTG Phase 16 
5.1.2 Processing Phase 17 
5.1.3 Use Phase 21 
5.1.4 Disposal Phase 21 
5.1.5 Transportation Phase 25 
5.2 CFPA of UPM ForMi used in Mass produced Biofore car 27 
5.2.1 CTG Phase 27 
5.2.2 Processing Phase 27 
5.2.3 Use Phase 29 
5.2.4 Disposal Phase 29 
5.2.5 Transportation Phase 30 
5.3 CFPA of ABS used in Mass produced Biofore car 32 
5.3.1 CTG Phase 32 
5.3.2 Processing Phase 33 
5.3.3 Use Phase 33 
5.3.4 Disposal Phase 33 
5.3.5 Transportation Phase 34 
6 Results and Discussions 37 
6.1 CFPA of UPM ForMi used in Biofore Concept Car 37 
6.2 CFPA of UPM ForMi used in Mass produced Biofore car 38 
6.3 CFPA of ABS used in Mass produced Biofore car 39 
6.4 Comparison of the results of CFPA of UPM ForMi and ABS used in Mass 
produced Biofore car 40 
6.5 Sensitivity Analysis 42 
6.5.1 Use of UPM BioVerno biodiesel (Scenario 1) 43 
6.5.2 100% mechanical closed loop recycling (Scenario 2) 44 
6.5.3 100% mechanical open loop recycling (Scenario 3) 44 
6.5.4 100% combustion in WTEPP (Scenario 4) 45 
6.5.5 Comparison of scenarios 45 
6.6 Uncertainty Analysis 46 
6.6.1 Significant Variables and Probability Distribution 46 
6.7 Sustainability Life Cycle Assessment of UPM ForMi Used in Mass Produced 
Biofore Car 52 
6.8 Discussion 56 
  
7 Conclusion 57 
8 References 59 
Appendices  
Appendix 1. Calculations: UPM ForMi used in Biofore Concept Car  
Processing Phase: Drying of UPM ForMi resins  
Processing Phase: Extruded Sheet Making  
Processing Phase: Thermoforming  
Processing Phase: Mold material (SikaBlockTM M650)  
Use Phase  
Disposal Phase: Landfilling  
Disposal Phase: Mechanical Recycling  
Disposal Phase: Combustion  
Transportation Phase  
Appendix 2. Calculations: UPM ForMi used in Mass produced Biofore car  
Processing Phase: Drying  
Transportation Phase  
Appendix 3. Monte Carlo Simulation in R  
 
 
 
 
 
 
 
 
 
 
 
 
  
List of Figures 
 
Figure 1. The Biofore Concept Car. .............................................................................. 2 
Figure 2. Steps involved while calculating the carbon footprint. .................................... 5 
Figure 3. Life cycle phases of UPM ForMi and ABS. ..................................................... 8 
Figure 4. System boundary studied in the CFPAs of UPM ForMi and ABS. .................. 9 
Figure 5. System studied in CTG carbon footprint assessment of UPM ForMi. ........... 11 
Figure 6. CTG carbon footprint of UPM ForMi and ABS. ............................................. 12 
Figure 7. Energy usage in thermoforming process. ..................................................... 19 
Figure 8. Energy consumption in different stage of plastic processing. ....................... 28 
Figure 9. GHG emission contribution of life cycle phases of UPM ForMi used in Biofore 
Concept Car ............................................................................................................... 37 
Figure 10. GHG emission contribution of life cycle phases of UPM ForMi assumed to 
be used in Mass produced Biofore car. ....................................................................... 39 
Figure 11. Contribution of life cycle phases of ABS to total GHG emission when 
assumed to be used in Mass produced Biofore car. .................................................... 40 
Figure 12. Comparison of GHG emission of ABS and UPM ForMi assumed to be used 
in Mass produced Biofore car. .................................................................................... 41 
Figure 13. GHG emission contribution of life cycle phases of UPM ForMi used in mass 
produced Biofore car driven by UPM BioVerno ........................................................... 44 
Figure 14. Scenarios with their corresponding GHG emissions. .................................. 45 
Figure 15. Histogram and line plot of the results of simulated carbon footprint model. 50 
  
Figure 16. Box plot of simulated results of total carbon emission of UPM ForMi. ........ 51 
Figure 17. Sustainability principles of SLCA. ............................................................... 53 
Figure 18. Sustainability principles and the process of identifying sustainability in 
product’s life cycle in SLCA. ....................................................................................... 54 
Figure 19. Result of the SLCA of UPM ForMi assumed to be used in mass produced 
Biofore car. ................................................................................................................. 55 
 
 
  
List of Tables 
 
Table 1. Grades and cellulose fibers content of UPM ForMi. ........................................ 3 
Table 2. GHGs with their GWP100. ................................................................................ 5 
Table 3. Emission factors for various means of transportation used. ........................... 15 
Table 4. Cradle-to-gate GHG emission of UPM ForMi GP20 used in Biofore Concept 
Car.............................................................................................................................. 16 
Table 5. Parameters of sheet extrusion process. ........................................................ 18 
Table 6. Types of SikaBlockTM M650 blocks used as mold material in Biofore Concept 
Car.............................................................................................................................. 20 
Table 7. Modes of transport and distance travelled to transport SikaBlockTM M650. ... 20 
Table 8. Transportation of UPM ForMi during Biofore Concept Car making. ............... 25 
Table 9. GHGE of life cycle phases of UPM ForMi used in Biofore Concept Car. ....... 27 
Table 10. Transportation of UPM ForMi during Mass produced Biofore car making. ... 30 
Table 11. GHG emissions of life cycle phases of UPM ForMi used in Mass produced 
Biofore car. ................................................................................................................. 32 
Table 12. Transportation of ABS during Mass produced Biofore car making. .............. 35 
Table 13. GHG emissions of life cycle phases of ABS used in Mass produced Biofore 
car. ............................................................................................................................. 36 
Table 14. Comparison of GHG emission of ABS and UPM ForMi assumed to be used 
in Mass produced Biofore car. .................................................................................... 42 
Table 15. GHG emission of life cycle phases of UPM ForMi used in mass produced 
Biofore car driven by UPM BioVerno. .......................................................................... 43 
Table 16. Significant variables and their probability distribution used in Monte Carlo 
simulation. .................................................................................................................. 49 
Table 17. Parameters of the distribution of simulated total carbon emissions of UPM 
ForMi. ......................................................................................................................... 51 
  
Abbreviations 
 
ABS Acrylonitrile Butadiene Styrene 
CFPA Carbon Footprint Analysis 
CTG Cradle-to-Gate 
GHG Greenhouse Gases 
GWP Global Warming Potential 
GWP100 100-years Global Warming Potential 
LPG Liquefied Petroleum Gas 
PP Polypropylene 
PVC Polyvinyl Chloride 
SLCA Sustainability Life Cycle Assessment 
UAS University of Applied Sciences 
VTT Valtion Teknillinen Tutkimuskeskus 
WTEPP Waste-to-Energy Power Plant 
 
  
Units 
 
CO2eq Carbon dioxide equivalent 
GJ Gigajoules 
h Hour 
kg Kilogram 
km Kilometer 
kW Kilo Watt 
kWh Kilo Watt Hour 
mm Millimeter 
min Minute 
m3 Meter cubed 
t Tones 
TJ Terajoules 
 C Degree Centigrade 
 
  1 
 
1 Introduction 
1.1 Background 
 
‘If auto manufacturing were a country, it would be the sixth largest economy’, declares 
Organisation Internationale des Constructeurs d’Automobiles (OICA) [1]. In 2012, a 
total of 63,074,662 passenger cars were produced. In order to produce 60 million vehi-
cles, about 9 million people get directly employed and at least another five indirect jobs 
are supported by a single vehicle. This means that over 50 million people depended on 
cars for their living in 2012 [1]. These are few facts that reflect the importance of auto-
motive industry in world economy, but it is not as rosy and balmy as it sounds. Produc-
tion of vehicles involves extensive consumption of resources and results in tremendous 
amount of pollution. Apart from production, use phase of vehicles consumes plenty of 
fuel which is energy intensive to produce and transport and is one of the important 
drivers of global warming, an ever increasing problem. Due to these reasons, the au-
tomotive industry is looking for alternatives and going through major changes. Car 
makers are testing on materials with sustainable, renewable, light weight and recycla-
ble values. The Biofore Concept Car is an approach to test these materials and it re-
flects the change that automotive industry is going through. It combines innovation and 
expertise in biomaterials and fulfils vehicle safety regulations in its class [2]. 
 
1.2 Biofore Concept Car Project 
 
The ‘Biofore Concept Car Project’ is a collaboration of Helsinki Metropolia University of 
Applied Sciences (Helsinki Metropolia UAS), Finnish Funding Agency for Technology 
and Innovation (TEKES), UPM, and other partner companies to produce a city car 
called ‘The Biofore Concept Car’ [2]. It is one of many successful and challenging pro-
jects to join the list of student car projects undertaken by Automotive and Transport 
Engineering department of Helsinki Metropolia UAS such as Raceabout 2000 sports 
car project, Formula Student project, Sniffer Car project, and CityCab projects [3]. The 
Biofore Concept Car is designed and built by students from Automotive Engineering, 
Mechanical Engineering, and Industrial Design degree programmes of Helsinki 
Metropolia UAS. The project started in 2011 and is scheduled to end by early 2014 [4]. 
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Figure 1. The Biofore Concept Car (Source: UPM). 
A great deal of attention has been paid to sustainability and recyclability while design-
ing the car. In other words, it has been designed using renewable, light-weight, recy-
clable, and out-of-food-value chain materials wherever possible. Use of carbon-fiber-
reinforced plastics, cellulose-fiber-reinforced plastics and plywood are few examples of 
this. The interior of car will be furnished by using UPM ForMi GP20 which is cellulose 
fiber reinforced polypropylene thermoplastic and a subject of interest for this thesis. 
 
1.3 UPM ForMi 
 
UPM ForMi is a cellulose fibers reinforced polypropylene thermoplastic composite 
which will replace plastic parts of the car along with UPM’s Grada thermoformable 
wood material [2]. Presence of cellulose fibers increases the stiffness and strength of 
polypropylene matrix [5]. Table 1 shows various grades of UPM ForMi. 
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Table 1. Grades and cellulose fibers content of UPM ForMi [6; 7]. 
 
Grades 
 
Cellulose fibers content (%) 
 
UPM ForMi GP for general use 
 
20, 30, 40, 50 
 
UPM ForMi SP for special surface 
 
30, 40, 50 
 
UPM ForMi EFP for thin walled applications 
 
30, 40, 50 
 
UPM ForMi granulates are odorless and are suitable for injection molding applications 
in both industrial and consumer end-uses [6]. Due to the presence of cellulose fibers 
and UPM’s supply chain, they have a low cradle-to-gate (CTG) carbon footprint com-
pared to other conventional thermoplastics used for similar applications [8]. In Biofore 
Concept Car, UPM ForMi GP 20 has been used. For convenience, only UPM ForMi will 
be used to represent UPM ForMi GP20 from this point onwards in this thesis report. 
 
1.4 Carbon Footprint Analysis (CFPA) of UPM ForMi 
 
This thesis report is based on the cradle-to-grave CFPA performed on UPM ForMi 
used in Biofore Concept Car’s interior and comparative cradle-to-grave CFPA per-
formed on UPM ForMi and Acrylonitrile butadiene styrene (ABS) assuming that they 
were used in Mass produced Biofore car. The Biofore Concept Car is a test of renewa-
ble and sustainable alternative materials in a passenger car.  Comparison of sustaina-
bility of an alternative material with conventional material in terms of global warming 
impact requires carbon footprint analysis. Therefore, the main objective of this cradle-
to-grave carbon footprint analysis was to compare the carbon footprint of UPM ForMi 
(alternative material) with ABS (commonly used conventional thermoplastic) when they 
were assumed to be used in Mass produced Biofore car. 
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2 Literature Review 
 
2.1 Global Warming 
 
Global warming or cooling is the process of rising or falling of average global tempera-
tures. These fluctuations occur in natural cycles of hundreds of thousands of years due 
to relative position of the Earth to the Sun [9]. Average global temperatures also de-
pend on the concentration of few gases called greenhouse gases in the Earth’s atmos-
phere. These gases trap the Sun’s heat reflected by Earth’s crust from escaping the 
Earth’s atmosphere, thus causing global warming. Recently, global warming has been 
seen as an increasing threat to all forms of life on the Earth because it is changing the 
climate faster than some living things may be able to adapt [9]. Rising sea levels, dis-
appearing glaciers or ice covers, severe weather conditions, drying cloud forests and 
wildlife extinction are few phenomena directly linked to global warming. National Geo-
graphic [9] points out that it is becoming clearer that humans have caused most of the 
past century’s warming as we power our modern lives and the levels of greenhouse 
gases in the Earth’s atmosphere now are higher than in the last 650,000 years.  
2.2 Carbon Footprint 
 
Carbon Trust, UK defines carbon footprint as the total amount of greenhouse gas 
(GHG) emissions caused directly and indirectly by an individual, organization, event or 
product, and expressed as a carbon dioxide equivalent (CO2eq) [10]. Publicly Available 
Specification (PAS) 2050 is the first standard method to calculate carbon footprint of a 
product, and it accounts for emissions of different GHGs, six most prominent being 
Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), hydrofluorocarbons (HFCs), 
perfluorocarbons (PFCs) and sulfur hexafluoride (SF6) [13] .Their impact on global 
warming is measured by a factor called global warming potential (GWP). Generally, 
100-year global warming potential (GWP100) is used in carbon footprint calculation [10]. 
These GHGs with corresponding GWP100 are listed in Table 2. 
  
  5 
 
Table 2. Six prominent GHGs with their GWP100 [11]. 
 
Greenhouse Gases (GHGs) Global Warming Potential (GWP100) 
Carbon dioxide (CO2) 1 
Methane (CH4) 25 
Nitrous oxide (N2O) 298 
Hydrofluorocarbons Depends on the type of gas 
Perfluorocarbons  Depends on the type of gas 
Sulphur hexafluoride (SF6) 22,800 
 
Carbon footprint calculation is an important way to quantify the impact or involvement 
of a product, individual or organization in promoting global warming. In business, it can 
help to differentiate a product or service and enhance one’s brand image. Additionally, 
it reduces costs and emissions and drives wider change in the supply chain [10]. The 
process diagram showing five important steps of carbon footprint calculation and their 
explanation is shown in Figure 2. 
 
 
Figure 2. Steps involved while calculating the carbon footprint (Source: Carbon Trust). 
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In CFPAs performed during this thesis project, most of the emission calculations are 
based on emissions of three prominent GHGs: Carbon dioxide, methane, and nitrous 
oxide unless otherwise mentioned. 
 
3 Methodology 
 
This thesis project consisted of three CFPA done on UPM ForMi and ABS thermoplas-
tics, namely CFPA of UPM ForMi used in the Biofore Concept Car, CFPA of UPM 
ForMi assumed to be used in Mass produced Biofore car, and CFPA of ABS assumed 
to be used in the Mass produced Biofore car. Research methodologies for all three 
CFPAs were the same and followed both the LCA and the carbon footprint (PAS 2050, 
Figure 2) approach as much as possible. General steps involved are explained shortly 
below. 
 
3.1 The Goal Definition 
 
Defining a goal in CFPA (and LCA studies) means stating the purpose of analysis, why 
the analysis is carried out and for whom the results are meant (ISO 1998, Berg et al. 
1995, cited by [14], page 11). As this analysis was done for “The Biofore Concept Car 
Project”, goals were already defined by project representatives. The CFPA of UPM 
ForMi and ABS was carried out to achieve the following two goals: 
 
 CFPA of UPM ForMi used in Biofore Concept Car 
 Comparative CFPA of UPM ForMi and ABS used in Mass produced Biofore car 
 
3.2 The Process Map 
 
CFPA and LCA studies require extensive knowledge on a product being studied as 
they cover the entire life cycle of the product. For that reason, a considerable amount 
of time was spent in studying processes within the life cycle of cars and thermoplastics. 
It was also necessary due to lack of knowledge and experience of author cum re-
searcher on those particular fields. After the acquaintance, life cycle phases of UPM 
ForMi and ABS used in Biofore Concept Car and Mass produced Biofore car were de-
veloped. These phases will be described in detail in chapter 4. 
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3.3 The Scope Definition 
 
In the scope definition phase, the functional unit and system boundary for a product is 
defined. It also includes allocation procedures, stated assumptions and limitations of 
the study (ISO 1998, cited by [14]). It is important to define set system boundaries in 
CFPA as the analysis can otherwise become time and resource consuming.  Undefined 
CFPA also gets highly complicated. 
 
3.3.1 The Functional Unit 
 
The functional unit provides a reference to which the inputs and outputs are related 
[15]. In this analysis, the functional unit chosen was the mass of thermoplastic con-
sumed (used + wasted) in Biofore Concept Car and Mass produced Biofore car’s life 
cycle. Functional units of CFPA performed are listed below: 
 
 CFPA of UPM ForMi used in Biofore Concept Car 40 kg 
 CFPA of UPM ForMi used in mass produced concept car 20 kg 
 CFPA of ABS used in mass produced concept car 21.01 kg 
 
Considering the same surface area covered and a thickness of 3 mm, mass of ABS 
used in mass produced concept car will be slightly higher than UPM ForMi because of 
higher density of ABS. 
 
3.3.2 Life Cycle Phases and System Boundary 
 
A cradle-to-grave CFPA should cover the entire life cycle of a product being studied. 
Accordingly, the analysis conducted for this thesis includes all the phases of UPM 
ForMi and ABS life cycle when they are used in Biofore Concept Car and assumed to 
be used in mass produced concept car. For fair comparison, two different products 
used for same application should have identical system boundaries, and this thesis 
project followed the same principle. In all CFPAs performed in this project, plastics had 
same life cycle phases as shown in Figure 3. 
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Figure 3. Life cycle phases of UPM ForMi and ABS. 
 
The first phase of plastics is termed as cradle-to-gate (CTG) phase. The CTG phase 
includes extraction of raw materials, preparation of plastic resins, packaging of resins 
and other activities related till the point when plastic resins are ready to leave the facto-
ry gate. Generally, these sub-processes are classified as separate phases in a product 
life cycle, but due to the availability of the cradle-to-gate CFPA done on these plastic 
resins, a bigger phase, the CTG phase, was coined in this thesis project. 
 
The second phase is called the manufacturing phase or the plastic processing phase 
where plastic resins are melted and given desired shapes in a mold. Assembly and 
storage related emissions of these shaped plastic parts are excluded from calculation 
as they do not involve heavily emitting processes or machineries.  
 
The third phase is the use phase. It is assumed that use phases of the Biofore Concept 
Car and Mass Produced Concept Car are 200,000 km of distance travelled by them 
and the plastics will stay intact for the entire use phase. In other words, the mainte-
nance phase has been excluded from analysis. 
 
The fourth phase is the disposal phase which includes management and recovery of 
materials from these plastics waste. Landfilling, mechanical recycling and energy re-
covery in waste-to-energy power plant (WTEPP) are the processes considered during 
this phase. Energy and materials recovered during the waste management are ac-
counted as emission credits that prevent emissions for producing equal mass of virgin 
materials or energy from other fuel sources.   
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Transportations involved between different phases are grouped into a separate trans-
portation phase. This excludes the transportation of employees to avoid complexity. 
Further details on life cycle phases and different processes involved are described in 
chapter 4. The system boundary studied in this analysis is shown in Figure 4. 
 
 
Figure 4. System boundary studied in the CFPAs of UPM ForMi and ABS. 
 
3.3.3 Assumptions 
 
In order to simplify the calculation and due to lack of data, certain assumptions were 
made during the analysis. These assumptions are listed below. 
 The Biofore Concept Car and Mass produced Biofore car were both assumed to 
have a mass of approximately 1000 kg.  
 Total mass of UPM ForMi sheets extruded for the whole concept car making is 
367.2 kg but all sheets have not been used during car making. The use-to-
waste ratio of UPM ForMi during concept car making has been 1:1 which 
means that approximately 20 kg has been used in the car, while 20 kg has been 
wasted. Altogether, 40 kg of UPM ForMi has been consumed during this pro-
cess. It was assumed that rest of the extruded sheets would be used for other 
purposes; therefore, the analysis was performed only for 40 kg of UPM ForMi 
consumed during the concept car making. 
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 Mass produced Biofore car was assumed to be made of plastic processed by 
injection molding process, which is a prime plastic processing technique in in-
dustrial applications [16]. It was also assumed that there is negligible or no loss 
of plastic resin during injection molding. 
 Emission during drying, extrusion, injection molding and other processes in-
cluded only emission due to electricity consumption unless otherwise men-
tioned in calculation. Machinery and tools used in such processes were exclud-
ed from calculation as these can be used numerous times for similar purposes. 
In case of thermoforming of UPM ForMi during Biofore Concept Car making, the 
mold material used, Sika SikaBlockTM M650, was also taken into consideration 
as it is solely used for that purpose and goes to landfill after use. 
 Trims used over the plastic parts in Biofore Concept Car and “bigHead poppits” 
used for connecting the plastics with the car body were also excluded from cal-
culation. 
 Transportations of employees involved in various processes were excluded. 
 Emissions related to uses of gloves, glues, employees’ food and tools were ex-
cluded. 
 Emissions related to assembly, disassembly and maintenance of plastic parts 
during use phase were excluded. These plastic parts are assumed to last for 
entire lifetime of car once fitted into the car during assembly. 
 After being used in mass produced concept car, the plastics were assumed to 
enter disposal phase with 40% of used mass being recycled mechanically in 
closed-loop and 60% being combusted in Vantaan Energia’s WTEPP in Vantaa. 
These assumptions were based on targets of end-of-life vehicles directive 
2000/53/EC, which mentions that reuse and recovery of vehicle materials shall 
be increased to a minimum of 95% by an average weight per vehicle and year 
[17]. 
 Emissions related to disposal of ashes in landfills after energy recovery in 
waste-to-energy plant were considered negligible and excluded. 
 
3.4 Data Collection and Emission Calculation 
 
The data used in this project were collected from literature, academic journal platform 
(especially ScienceDirect), and other databases freely available in the internet. Certain 
information such as energy consumption during processing of UPM ForMi used in Bio-
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fore Concept Car has been obtained from company representatives where processing 
had been done. Emission factors for transportation emissions are obtained from Lipas-
to maintained by VTT Technical Research Center of Finland [23]. Fuel Classification 
2013, maintained by Statistics Finland, was used for emissions related to fuel uses. 
Data sources for each phase will be explained in detail in chapter 5. Microsoft Excel 
was used as calculation work sheet. Finally, the emissions were compared and a con-
clusion was made on the carbon footprint of UPM ForMi and ABS used in Biofore con-
cept car and mass produced Biofore car. 
4 Detailed Description of Phases of UPM ForMi and ABS 
 
In this section of thesis report, different phases of UPM ForMi and ABS thermoplastics 
used in the Biofore Concept Car and mass produced concept car are described, and 
sources of emission data for corresponding phases are also mentioned. As the CFPAs 
of UPM ForMi and ABS when used in the mass produced concept car were compared, 
it was important to use similar techniques during various phases for fair comparison. 
 
4.1 CTG phases of UPM ForMi and ABS used in Biofore Concept Car and Mass pro-
duced Biofore car 
 
A CTG carbon footprint assessment of UPM ForMi had been done by VTT Technical 
Research Center of Finland. In the assessment, the studied system consists of raw 
material, transport fuel, electricity, and packaging material manufacturing as shown in 
Figure 5.  
 
Figure 5. System studied in CTG carbon footprint assessment of UPM ForMi (Source: UPM). 
 
The VTT study also shows CTG emissions of two reference cases: 100% ABS and 
100% polypropylene. Thus, CTG phase emission values for UPM ForMi and ABS used 
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for all three CFPAs were obtained from there. According to the VTT study, the CTG 
carbon footprints of UPM ForMi and ABS are 1875 kg CO2eq/ton and 3941 kg CO2eq/ton 
respectively. The results are shown in Figure 6. 
 
 
Figure 6. CTG carbon footprint of UPM ForMi and ABS (Source: UPM). 
 
4.2 Processing Phase: Biofore Concept Car and Mass produced Biofore car 
 
The manufacturing phase of UPM ForMi used in Biofore Concept Car involves different 
techniques than the manufacturing phases of UPM ForMi and ABS assumed to be 
used in Mass produced Biofore car. Hence, information related to the manufacturing 
phase of UPM ForMi used in concept car and the manufacturing phase of UPM ForMi 
and ABS assumed to be used in Mass produced Biofore car are explained under sepa-
rate headings below. 
 
4.2.1 Processing of UPM ForMi used in Biofore Concept Car 
 
Concept car making is usually more resource and time consuming than mass produc-
ing as processes and material uses are more optimized in the latter case. During the 
processing of UPM ForMi used in Biofore Concept Car, important steps involved are 
drying of resins, production of extruded sheets, and thermoforming to give desired 
shapes. Drying and production of extruded sheets were done in Lokari Leo Laine Oy, 
and the information on processes involved was obtained directly from the company. 
Certain assumptions were also made during the calculations which will be explained in 
more detail in calculation chapter of the thesis report. Thermoforming was done in 
Merocap Oy, situated in Tehtaantie 2, Nummela. In drying and extrusion, GHG emis-
sion calculation only included the emission due to electricity consumption, while in 
thermoforming; emission includes emission due to electricity and fuel uses as well as 
the use of mold. Emission factor for electricity used was considered according to the 
country of use.  CTG emission for SikaBlockTM M650 was taken from a report “Carbon 
Footprint Calculation Report” done by Robert Tanskanen on the building of Biofore 
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Concept Car’s chassis where he has mentioned that Oy Sika Finland Ab acquired the 
data from Sika headquarters situated in Switzerland [19]. 
 
4.2.2 Processing of UPM ForMi and ABS used in mass produced concept car 
 
The processing of UPM ForMi and ABS used in the Mass produced Biofore car was 
assumed to be done by drying the resins and applying the injection molding technique 
in the same factory where the car would be manufactured. The original car on which 
the concept car is being built was of model Polo V 1.2 TDI Blue Motion Technology. 
During author’s investigation, it was found that there were not any factories producing 
Volkswagen Polo models in Europe. Therefore, a factory in Bratislava, Slovakia where 
Audi models (because Audi also belongs to Volkswagen) are manufactured was cho-
sen as the site of the Mass produced Biofore car’s production. Energy consumption 
related to injection molding of UPM ForMi and ABS was obtained from a study titled 
“An Environmental Analysis of Injection Molding” (please refer to [20] for further de-
tails), which gave specific energy consumption of different kinds of injection molders. 
The average value for all-electric injection molders was chosen for our purpose.  
 
4.3 Use Phase: Biofore Concept Car and Mass produced Biofore car 
 
Life time of both concept and mass produced concept car was assumed to be 200000 
km. Unit driving emission (kilograms CO2 per kilometer) of the original Polo had been 
used as the emission factor for concept car as its engine was used in concept car with 
new engine controls. It was acquired from “The Polo Environmental Commendation 
Background Report” (please refer to [21] for details).  
 
In case of mass produced concept car, the emission factor for driving was obtained 
from Lipasto. Mass produced Biofore car was assumed to have an urban mileage 
share of 35%, highway mileage share of 65% and car occupancy of 1.7 persons in or-
der to match the emission factor from Lipasto. An average mass of a Finn was as-
sumed to be 72.35 kg (please refer [22] for details). 
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4.4 Disposal Phase of UPM ForMi and ABS: Biofore Concept Car and Mass pro-
duced Biofore car 
 
As mentioned in section 3.3.3, use-to-waste ratio of UPM ForMi in concept car is 1:1. A 
total of 20 kg of UPM ForMi wasted during manufacturing was landfilled as mixed 
waste in Ämmässuo Landfill situated in Espoo, Finland. In all CFPAs, any mass of 
plastics subjected to landfilling was assumed to be landfilled at Ämmäsuo landfill site. 
After the use phase, 40% of UPM ForMi was assumed to undergo mechanical recy-
cling while 60% was assumed to be combusted in a WTEPP. The recyclate was as-
sumed to substitute virgin materials in closed-loop mechanical recycling. According to 
Sas et al. (cited in [30]), approximately 90% of the input plastic waste can be pro-
cessed into granulate, the remaining 10% ends up as waste. In this analysis performed 
for this thesis, it was assumed that this 10% would be eventually subjected to combus-
tion in WTEPP. Emission credits were deducted from total process emissions to get net 
emission of disposal phase.  
 
Both UPM ForMi and ABS used in Mass produced Biofore car were assumed to have 
similar disposal phase; 40% of their mass were subjected to closed-loop mechanical 
recycling while 60% to combustion in WTEPP. Similarly, 10% of mass lost during me-
chanical recycling was assumed to be sent to WTEPP for combustion. 
 
4.5 Transportation Phase: Biofore Concept Car and Mass produced Biofore car 
 
All transportations between various phases were categorized into one transportation 
phase excluding the transportation of mold material, transportation from dismantling 
center to recycling center, transportation from dismantling center to WTEPP, transpor-
tation of recycled resins to processing center during closed-loop recycling, and internal 
transportations involved in plastic processing site. These excluded transportation emis-
sions are included separately in processing phase, recycling, combustion, recycling, 
and processing phase emissions respectively.  
 
Due to the lack of information on exact means of transport used, some close-to-reality 
assumptions were made. These assumptions were also made in such a way that they 
facilitated the use of Lipasto’s unit emissions. Emission factors for all means of trans-
ports were derived from Lipasto. Further information and assumptions on transportation 
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phase emissions are mentioned in chapter 5. Various means of transportations as-
sumed in calculations with their corresponding emission factors are shown in Table 3. 
 
Table 3. Emission factors for various means of transportation used (Source: Lipasto). 
 
Means of Transportation 
 
Emission fac-
tors, Average 
2011 [kg 
CO2eq/kg.km] 
 
Emission factors 
Empty Driving, 
Average 2011 
[kg CO2eq/km] 
 
Delivery lorry light, Delivery driving,100% 
loaded 
0.000108 0.298 
 
Delivery lorry, Delivery driving, 100% 
loaded 
 
0.000073 0.467 
 
Diesel Van, Delivery driving, 50% loaded 
 
0.000425 0.235 
 
Delivery lorry heavy, Highway driving, 
100% loaded 
0.0000621 0.458 
 
Full trailer combination, Highway driving, 
100% loaded 
0.000032 0.831 
 
Semi-trailer combination, Highway driving, 
70% loaded 
0.000055 0.766 
 
General cargo ships 
 
0.000027 - 
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5 Calculations 
 
In this chapter of the thesis report, formulae for calculating GHG emission for various 
phases of each CFPA performed are shown under separate headings. Actual calcula-
tion steps for longer calculations are shown in the appendix. All the calculations were 
performed in MS-Excel sheet. In many cases such as use phase and transportations 
emission calculations, mass principle has been used which means that total emission 
of a vehicle has been down scaled to get the desired emission of UPM ForMi or ABS 
used using mass ratio of thermoplastics to the total mass of vehicles. In some transpor-
tation phases, return trips assuming empty driving, are also included in calculation.  
 
5.1 CFPA of UPM ForMi used in Biofore Concept Car 
5.1.1 CTG Phase 
 
The cradle-to-gate phase GHG emission of UPM ForMi used in Biofore Concept Car is 
calculated by using the CTG emission factor and mass of UPM ForMi used.  
 
Table 4. Cradle-to-gate GHG emission of UPM ForMi GP20 used in Biofore Concept Car
 
[8]. 
 
Parameters 
 
Values 
 
Units 
 
 
CTG emission factor 
 
1875 
 
kg CO2eq/t 
 
 
Mass of UPM ForMi used 
 
40 
 
kg 
 
 
Total CTG emission 
 
75 
 
kg CO2eq 
 
 
The total emission related to CTG phase of UPM ForMi used in Biofore Concept Car is 
shown in Equation (1). 
 
               
                                         
    
    kg CO2eq (1) 
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5.1.2 Processing Phase 
 
Emission during processing consists of emission due to drying of resins, extrusion of 
resins, and thermoforming of extruded sheets. Emission due to mold is also included in 
this phase of UPM ForMi used in Biofore Concept Car. 
 
 
5.1.2.1 Drying of Resins 
 
Drying of resins was done on a dryer with a rated power of 63 kW in Lokari Leo Laine 
Oy along with different kinds of resins. According to Lokari Leo Laine Oy, maximum 
power usage was 57 kW and total time of drying was eight hours. Assuming an indus-
trial dryer with a volume of approximately 10 m3 and a sample volume corresponding to 
40 kg of UPM ForMi, the dryer could dry over 450 such samples but taking in account 
of space occupied by resin containers (that hold resins inside dryer) and section sepa-
rators, it was assumed that only 200 such samples can be dried at a time. Lokari Leo 
Laine Oy could not provide all the data on how drying was exactly done. Therefore, 
certain assumptions were made on drying steps (based on [24]) which are shown be-
low: 
  orking temperature  11   C. 
 Maximum power (57 kW) to pre-heat the chamber for 30 minutes. 
 Power down to 20% of maximum power over next 30 minutes. 
 Fibers are placed at around 60 minutes mark. 
 Use 20% of maximum power to maintain the temperature of 11   C for 8 hours 
of drying. 
The emission factor for consumed electricity was assumed to be the LCA emission 
factor of electricity consumed for Finland from European Reference Life-Cycle Data-
base (please refer to [28] for details). This emission factor was used for emission calcu-
lation in all other processes of UPM ForMi’s and ABS’s life cycle used in Biofore Con-
cept Car and Mass produced Biofore car where electricity was assumed to be con-
sumed in Finland. Equation (2) shows total emission calculation of drying process. 
 
Thus,  
               
                                            
                 
        kg CO2eq (2) 
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5.1.2.2 Extruded Sheet Making 
 
According to Lokari Leo Laine Oy, the extruder used was Reifenhauser RH 1651-1-
120-33 V. The power of the whole extrusion line was approximately 139.1 kW. Process 
information on production of extruded sheets was obtained from Kari Luukko via Oscar 
Nissinen through emails. Kari Luukko, an UPM representative, had been supervising 
the extrusion process in Lokari Leo Laine Oy. 
 
Table 5. Parameters of sheet extrusion process [25]. 
 
Process parameters 
 
Values 
 
Units 
 
Dimensions of sheet 
(height*width*length) 
 
3*1400*1700 
 
mm 
 
Extruding speed 
 
400 
 
mm/min 
 
Equation (3) shows calculation of total emission of extruded sheet making. 
 
                                                                        kg CO2eq
      (3) 
 
5.1.2.3 Thermoforming 
 
Thermoforming of extruded sheets were done in Merocap Oy but they could not pro-
vide the process and parameter information required for calculation. Therefore, a report 
by Franklin Associates on plastic fabrication processes, “Life Cycle Inventory of Plastic 
Fabrication Processes  Injection Molding and Thermoforming”, was consulted (please 
refer to [26] for details). In this case, emission due to electricity and other fuel uses are 
accounted for total emission calculation. The emission factor for fuel uses were ob-
tained from Fuel Classification 2013, maintained by Statistics Finland [18]. These are 
emissions of carbon dioxide resulting from stoichiometric combustion analysis of fuel 
combustion. Due to lack of source of origin of fuel and very small amount of fuel used 
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in many processes, emissions resulting from production and refining are not included in 
this CFPA. Data on fuel and electricity uses and calculations are shown below. 
 
 
Figure 7. Energy usage in thermoforming process [26]. 
 
In Figure 7, amount of natural gas, LPG, gasoline, and diesel used in thermoforming 
process in general are expressed in terms of calorific value (GJ). These values are 
used in emission calculation as shown in Equation (4). 
 
Thus, 
                                      (                             
               )             kgCO2eq   (4) 
 
5.1.2.4  Mold material: SikaBlockTM M650 
 
The mold material used was SikaBlockTM M650 and it was transported from Stutgard, 
Germany to Helsinki, Finland via Stockholm, Sweden. It arrived in blocks of two differ-
ent sizes as shown in Table 6. As mentioned earlier, the material was used for the sole 
purpose of thermoforming UPM ForMi used in Biofore Concept Car. Therefore, cradle-
to-grave GHG emissions of SikaBlockTM M650 were included in calculation. For the 
ease of calculation, only cradle-to-gate, transportation, and disposal phases were in-
cluded.  
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Table 6. Types of SikaBlock
TM
 M650 blocks used as mold material in Biofore Concept Car. 
 
Types of 
Blocks 
 
Density of 
SikaBlockTM 
M650 [kg/m3] 
 
Block Dimensions  
(l*w*h)  [m3] 
 
Number 
of Blocks 
 
Mass of 
Blocks 
[kg] 
 
Block 1 
 
580 
 
1.5*0.5*0.1 
 
30 
 
1305 
 
Block 2 
 
580 
 
1.5*0.5*0.05 
 
6 
 
130.5 
 
Total Mass 
 
1435.5 
 
Computer Numerical Control machining of mold was excluded due to lack of data on 
electrical consumption. Transportation was assumed to be done by a 70% loaded 
semi-trailer, highway driving combination on road and by general cargo ships on sea as 
shown in Table 6. Information on distance travelled by different modes of transportation 
used was assumed to be similar as shown by Here maps. 
 
Table 7. Modes of transport and distance travelled to transport SikaBlock
TM
 M650 (Source: Here Maps). 
 
Modes of Transport 
 
Distance [km] 
 
On sea (general cargo ships) 
 
222.3 
 
On road (70% full semi-trailer) 
 
1892.7 
 
SikaBlockTM M650 was disposed of in Ämmäsuo landfill after use. SikaBlockTM M650, 
being a thermosetting plastic, does not contain biodegradable carbon and does not 
release any methane. Therefore, the only emissions associated with it are due to 
transportation and use of machineries to move waste in landfills [29]. Mold related 
emission calculation is shown by Equation (5) 
 
                      (                              )                   
kg CO2eq      (5) 
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Thus, all above emissions resulting from various processes were summed up to calcu-
late the total processing phase emission as 5022.65 kg CO2eq. 
 
5.1.3 Use Phase 
 
Total use phase emission is the product of life time of car usage (expressed in km of 
distance travelled), emission factor of driving, and ratio of mass of plastics used in car 
to total mass of car (includes the mass of car and passengers) shown in Equation (6). 
 
                   
                                                                        
       kg CO2eq     (6) 
  
Thus, total use phase emission of UPM ForMi used in Biofore Concept Car was calcu-
lated to be 309.88 kg CO2eq. 
 
5.1.4 Disposal Phase 
 
UPM ForMi consumed in Biofore Concept Car making was assumed to be disposed of 
or managed in three main ways: landfilling, mechanical recycling, and combustion in 
WTEPP and calculations involved are explained under separate headings. 
5.1.4.1 Landfilling 
 
A total of 20 kg of UPM ForMi had been subjected to landfilling in Biofore Concept Car 
making. Emissions for cellulose fraction and polypropylene fraction are calculated sep-
arately as cellulose is biodegradable, while polypropylene is not. It was assumed that 
the landfill emission factor for cellulose is similar to the landfill emission factor of news-
paper since significant portion of newspaper’s mass consists of cellulose fibers. The 
source of data on landfill emissions of newspaper was a LCA done on waste manage-
ment options for discarded newspaper in Helsinki (please refer to [14] for details) which 
mentions both methane and fossil carbon dioxide emissions. Emissions credit due to 
recovery of landfill gas (70% of total emitted volume is recovered) for energy use has 
been taken into account, and it has been assumed that it would replace equivalent 
amount of energy produced in Martinlaakso plant. Further details on the landfill emis-
sion factor for polypropylene fraction are explained in section 5.1.2.4. Emission calcula-
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tion involved for cellulose part, polypropylene part, and total emission of landfilling are 
shown by Equations (7), (8), and (9) respectively. 
 
                                         
         (                                                   
                                 )        kg CO2eq  (7) 
 
                                              kg CO2eq/kg 
[29] 
               (             )            kg 
                                                          kg CO2eq 
      (8) 
 
Thus, 
                                         (                       )        kg 
CO2eq      (9) 
 
5.1.4.2 Mechanical Recycling 
 
Mechanical recycling considered in this CFPA includes only one generation of closed 
loop recycling and involves shredding, transportation to plastic processing center, 
grinding of shredded material, blending with virgin resins and compounding processes 
after which new resins were ready for use in the same application. Shredding and 
grinding decrease the physical strength of plastics and it is compensated by the use of 
virgin resins generally comprising up to 60% of new compounded resins in closed-loop 
recycling [31]. Transportation was assumed to involve 100 km of highway drive with a 
heavy lorry plus same distance of empty driving. The shredder was assumed to be 
Jupiter 1800 with the rated power of 200 kW and throughput capacity of 50000 kg/h but 
only 50% power was assumed to be used as this was a multi-purpose shredder that 
can also be used for concrete or metal shredding [32]. Shredding and transportation 
emission calculation related to mechanical recycling are shown in Equations (10) and 
(11) respectively. 
 
                                                                     (10) 
 
                                 (                            )  (11) 
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In order to match the source of data, it was assumed that electricity consumption of 
grinding of UPM ForMi and ABS corresponds to grinding of PP/flax composite. Grind-
ing emission calculation is shown by Equation (12) 
 
                                                                    
                 (12) 
 
When compounding was done, the recyclate (7.2 kg) after grinding was blended with 
virgin resins (10.8 kg) to yield new resins (18 kg). Energy consumption during com-
pounding was assumed to be similar to compounding of PP resins. From Figure 8, 
specific energy consumption of compounding UPM ForMi resins was calculated to be 
5.81 MJ/kg or 1.61 kWh/ kg. Compounding emission calculation is shown by Equation 
(13). 
 
                                                                       
                                (13) 
 
The mass of recyclate recovered in recycling process would prevent the use of equal 
mass of virgin resin. CTG emission of 7.2 kg UPM ForMi (emission credit shown in 
Equation (14)) was deducted from the total process emission to get the net emission of 
recycling, shown in Equation (15). 
 
                                                                   (14) 
 
                                                                  
                                                                     
                      kg CO2eq    (15) 
 
5.1.4.3 Combustion 
 
After the use phase, 60% of UPM ForMi (12 kg) was assumed to be combusted in Van-
taan Energia’s new  TEPP. According to Vantaan Energia, the new plant will replace 
one of the Martinlaakso power plant’s production units by the end of 2015 [34]. Emis-
sions due to transportation (assumed to involve 100 km of highway drive with heavy 
  24 
 
lorry plus same distance of empty driving) and burning of UPM ForMi were considered 
as positive emissions during combustion process while emission prevented from Mar-
tinlaakso plant was considered as emission credit. Martinlaakso plant uses coal and 
natural gas as fuel. When UPM ForMi would be burnt to produce certain amount of 
energy, it would prevent the emission resulting from burning of coal and natural gas to 
produce equivalent amount of energy in Martinlaakso plant. Cellulose fraction of UPM 
ForMi was considered as carbon free and excluded from calculation. Details of trans-
portation calculations are described in section 5.1.5. Emission resulting due to land-
filling of ash after combustion process was considered negligible as the amount of ash 
produced is very little and ash being mostly inorganic product does not undergo de-
composition in landfills. Net combustion emission calculation is shown by Equation 
(18). 
 
                                 (                            )  
 
Emission factor of combustion for UPM ForMi was assumed to be similar to that of 
plastics to match emission factors from ‘Fuel Classification 2013’. Emission from PP 
combustion is shown in Equation (16). 
 
                                                                   (16) 
 
The emission factor for Martinlaakso plant was calculated using the total amount of 
coal and natural gas used, their default calorific values as fired and emission factors as 
shown in Equation (17). 
 
                
                                                                        (17) 
 
                        
        (                         )                       kg CO2eq (18) 
 
Thus, total disposal phase emission of UPM ForMi used in Biofore Concept Car was 
calculated to be 22.28 kg CO2eq. 
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5.1.5 Transportation Phase 
 
During Biofore Concept Car making, UPM ForMi resins were produced in UPM’s facto-
ry in Lahti, extruded to make sheets in Lokari Leo Laine Oy, thermoformed to give de-
sired shapes in Merocap Oy, and assembled inside car in Hernesaari. Transportation 
modes involved between all these phases were assumed to match the realistic situa-
tions and emissions were calculated using unit emission from Lipasto including empty 
driving emissions. Empty driving emissions of the vehicles used were multiplied with 
the ratio of mass of UPM ForMi to pay load of vehicle to get empty driving emission 
related with UPM ForMi only. Emission factors for transportation are shown in Table 3. 
Here Maps from Nokia Oyj was used to calculate distance between places. The trans-
portation steps are shown in Table 8. 
 
 
Table 8. Transportation of UPM ForMi during Biofore Concept Car making. 
 
Transportation Points 
(From - To) 
 
Transportation Modes 
 
Distance [km] 
 
Assumptions 
 
Niemenkatu 16, Lahti to 
Metallitie 14, Rauma 
 
Light delivery lorry, De-
livery driving 
 
259 
 
Fully loaded 
 
Metallitie 14, Rauma to 
Tehtaantie 2, Nummela 
 
Light delivery lorry, De-
livery driving 
206  
Fully loaded 
 
Tehtaantie 2, Nummela 
to Hernesaari, Helsinki 
 
Van, Delivery driving 
 
46 
 
50 % loaded 
 
Transportation emission (denoted E11) during transportation of UPM resins from 
UPM’s factory to Lokari Leo Laine Oy is calculated as shown below in Equation (21). 
 
                                                                  (19) 
 
                       
                                                               (20) 
 
             (                            )    (21) 
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Similarly, emissions related to other transportation stages (denoted E12 and E13) were 
calculated. These emissions are shown in Table 9. 
 
Table 9. Emissions related to transportation phase of UPM ForMi used in the Biofore concept car. 
 
Emissions 
 
Values 
 
Units 
 
E11 
 
2.009 
 
kg CO2eq 
 
E12 
 
1.590 
 
kg CO2eq 
 
E13 
 
1.140 
 
kg CO2eq 
 
Total 
 
4.740 
 
kg CO2eq 
 
                                               kg CO2eq (22) 
 
Thus, total transportation phase emission of UPM FroMi used in Biofore Concept Car 
was calculated to be 4.74 kg CO2eq as shown in Equation (22). 
 
The GHG emissions calculated for all the phases of UPM ForMi used in the Biofore 
Concept Car is summarized in Table 10. 
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Table 10. GHGE of life cycle phases of UPM ForMi used in Biofore Concept Car. 
 
Phases 
 
Emission [kg CO2eq] 
 
Percentage [%] 
 
Cradle-to-Gate 
 
75.00 
 
1.38 
 
Processing 
 
5022.65 
 
92.42 
 
Use 
 
309.88 
 
5.70 
 
Disposal 
 
22.28 
 
0.41 
 
Transportation 
 
4.74 
 
0.09 
 
Total 
 
5434.55 kg CO2eq 
 
5.2 CFPA of UPM ForMi used in Mass produced Biofore car 
5.2.1 CTG Phase 
 
The mass of UPM ForMi used in the Mass produced Biofore car is 20 kg. All other de-
tails for emissions calculation of this phase can be found in section 4.1.1. 
 
                         
                                         
    
      kg CO2eq
      (23) 
 
Thus, GHG emission related to CTG phase of UPM ForMi used in Mass produced Bio-
fore car was calculated to be 37.5 kg CO2eq as shown in Equation (23). 
 
5.2.2 Processing Phase 
 
The processing phase of UPM ForMi used in the Mass produced Biofore car consisted 
of drying of resins for three hours and injection molding them to give the desired shape. 
Details of drying process are given in section 5.1.2.1. It was assumed that there would 
be negligible loss of resin mass during injection molding, and the only emissions in-
cluded in calculation were emissions due to electricity consumption based on emission 
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factors of electricity use in Slovakia. Emissions due to use of injection molding machine 
were excluded owing to the fact that the machine can be used to mold numerous such 
batches of plastic resins. Drying emission calculation is shown in Equation (24). 
 
                
                                            
                 
       kg CO2eq (24) 
 
 
Figure 8. Energy consumption in different stage of plastic processing [20]. 
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Figure 8 shows the specific energy consumption of various stages of plastic pro-
cessing. For the purpose of this thesis, an all-electric injection molding machine was 
assumed to be used and the average value of electricity consumption was taken for 
calculation. 
 
                            (                        )        kg CO2eq
      (25) 
 
Thus, total processing emission related to UPM ForMi used in the Mass produced Bio-
fore car was calculated to be 15.66 kg CO2eq as shown in Equation (25). 
 
5.2.3 Use Phase 
 
The use phase of UPM ForMi used in the Mass produced Biofore car corresponds to 
the use phase of UPM ForMi used in Biofore Concept Car. Therefore, details of emis-
sion calculations can be found in section 5.1.3. Emission factor for use phase emission 
in this case were taken from Lipasto corresponding to 0.162 kg CO2eq/km. 
 
                   
                                                                        
       kg CO2eq     (26) 
 
Thus, total use phase emission was calculated to be 577.03 kg CO2eq as shown in 
Equation (26). 
 
5.2.4 Disposal Phase 
 
UPM ForMi used in the Mass produced Biofore car was assumed to be disposed by 
combustion in WTEPP and mechanical recycling. The mass of UPM ForMi, disposal 
processes and assumptions made were similar to the ones used in disposal of UPM 
ForMi used in Biofore Concept Car.  Therefore, details of calculation steps can be 
found in section 5.1.4.2 and 5.1.4.3. Only the results of calculation are shown here. 
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                                                    kg CO2eq 
 
                                             kg CO2eq 
 
                                               kg CO2eq  (27) 
 
Thus, total disposal phase GHG emission of UPM ForMi used in Mass produced Bio-
fore car was found to be 22.56 kg CO2eq as shown in Equation (27). 
5.2.5 Transportation Phase 
 
Transportation phase of UPM ForMi used in Mass produced Biofore car included the 
transportation from resin producing factory to car manufacturing point, car manufactur-
ing point to car show rooms and place of use to dismantling center. As mentioned ear-
lier, the resins were manufactured in UPM’s factory in Lahti, Finland and the place of 
car manufacturing was assumed to be in Bratislava, Slovakia. Here Maps from Nokia 
Oyj was used to calculate transportation distances between various places involved. 
These transportation steps and other descriptions related to them are shown in Table 
11. Certain assumptions were made on the distance travelled by sea or on road in case 
of transporting the car from the manufacturing facility to the show room and from the 
show room to the dismantling center. 
 
Table 11. Transportation of UPM ForMi during Mass produced Biofore car making. 
 
Transportation Stages 
 
Sea Distance [km] 
 
Raod Distance [km] 
 
Resin production to car manufacturing 
(Lahti, Finland to Bratislava, Slovakia) 
 
83 
 
1752 
 
Car manufacturing to show room 
 
500 
 
300 
 
Place of use to dismantling center 
 
- 
 
200 
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All transportations on sea were assumed to be done by general cargo ships. Transpor-
tation of resins on road from Lahti to Bratislava was assumed to be done by 70% load-
ed semi-trailer combination of highway driving while transportations on road from the 
car production point to the show room and from the place of use to the dismantling cen-
ter was assumed to be done by full-trailer combination of highway driving. Emission 
factors for these means of transportation are shown in Table 3. Emissions related to 
afore mentioned transportation stages are denoted by E21, E22 and E23 and listed in 
Table 12. Total emission of transportation phase of UPM ForMi used in mass produced 
car is shown in Equation (28). 
 
                                                                          
 
                                                                         
 
                      kg CO2eq 
 
Similarly,  
          kg CO2eq 
 
          kg CO2eq 
 
Table 12. Emissions related to transportation phase of UPM ForMi used in mass produced Biofore car. 
 
Emissions 
 
Values 
 
Units 
 
E21 
 
1.972 
 
kg CO2eq 
 
E22 
 
0.302 
 
kg CO2eq 
 
E23 
 
0.056 
 
kg CO2eq 
 
Total 
 
2.330 
 
kg CO2eq 
 
Thus, 
                                               kg CO2eq (28) 
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The GHG emissions calculated for all the phases of UPM ForMi used in Mass pro-
duced Biofore car are summarized in Table 13. 
 
Table 13. GHG emissions of life cycle phases of UPM ForMi used in Mass produced Biofore car. 
 
Phases 
 
Emission [kg CO2eq] 
 
Percentage [%] 
 
Cradle-to-Gate 
 
37.50 
 
5.72 
 
Processing 
 
15.66 
 
2.39 
 
Use 
 
577.03 
 
88.09 
 
Disposal 
 
22.56 
 
3.44 
 
Transportation 
 
2.33 
 
0.36 
 
Total 
 
655.08 kg CO2eq 
 
 
5.3 CFPA of ABS used in Mass produced Biofore car 
 
The main objective of this thesis project was to compare the CFP of UPM ForMi and 
ABS when they are assumed to be used in the Mass produced Biofore car. Therefore, 
the processes and emission calculations involved in CFPA of ABS used in the Mass 
produced Biofore car was similar to that of CFPA of UPM ForMi used in the Mass pro-
duced Biofore car. The only difference was in the mass of ABS used which is higher 
due to its higher density. 
5.3.1 CTG Phase 
 
As seen from Figure 5, the GHG emission factor for CTG phase of ABS is 3941 kg 
CO2eq/ton. A total of 21.01 kg of ABS was assumed to be used in Mass produced Bio-
fore car as explained in section 3.3.1. 
 
                         
                                    
    
       kg CO2eq (29) 
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Thus, the total GHG emission for CTG phase of ABS used in Mass produced Biofore 
car was calculated to be 82.76 kg CO2eq, shown in Equation (29). 
5.3.2 Processing Phase 
 
The processing of ABS used in the Mass produced Biofore car includes drying of resins 
and injection molding to give desired shapes. Due to lack of specific data on injection 
molding of ABS, it was assumed that the specific energy consumption would be similar 
to that of UPM ForMi. Details of calculations can be found from section 5.2.2 and only 
the results are shown here. 
 
                
                                            
                 
      kg CO2eq 
 
                                           kg CO2eq 
 
                                        (                        )        
kg CO2eq      (30) 
 
Thus, the processing phase emission of ABS used in Mass produced Biofore car was 
calculated to be 16.44 kg CO2eq, shown in Equation (30). 
5.3.3 Use Phase 
 
Please refer to section 5.2.3 for details of use phase emission calculation. The calcula-
tions are shown below. 
 
                   
                                                                         kg 
CO2eq      (31) 
 
Thus, total use phase emission related to ABS used in Mass produced Biofore car, 
shown in Equation (31) was calculated to be 598.4 kg CO2eq. 
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5.3.4 Disposal Phase 
 
Disposal of ABS used in Mass produced Biofore car was assumed to be done in the 
similar manner as the disposal of UPM ForMi used in Mass produced Biofore car 
(please refer to section 5.2.4 for details).  
 
                                                                  
                                                 
                                                    kg CO2eq 
 
                                              kg CO2eq 
 
                                                                           
kg CO2eq      (32) 
 
Thus, total disposal phase emission related to ABS used in Mass produced Biofore car 
was found to be 27.33 kg CO2eq. Equation (32) shows the total disposal phase emis-
sion for ABS. 
 
5.3.5 Transportation Phase 
 
A research was done on the nearest possible site of ABS resin manufacturing to the 
car manufacturing point, and it was found that a factory located in Olefinstraße 
1, 04564 Boehlen, Germany was a suitable one. Other information related to emission 
calculation of transportation phases of ABS used in Mass produced Biofore car was 
similar to that of UPM ForMi used in Mass produced Biofore car. Details on transporta-
tion emission calculation can be found in section 5.2.5.  
 
  
  35 
 
Table 14. Transportation of ABS during Mass produced Biofore car making. 
 
Transportation Stages 
 
Sea Distance [km] 
 
Road Distance [km] 
Resin production to car manufacturing 
(Olefinstraße 1, 04564 Boehlen, Ger-
many to Jána Jonáša 1, 843 02 Brati-
slava, Slovakia) 
 
- 
 
581 
 
Car manufacturing to show room 
 
500 
 
300 
 
Place of use to dismantling center 
 
- 
 
200 
 
Emissions related to transportation stages shown in Table 14 are denoted by E31, E32 
and E33 from top to bottom. Transportation calculations are shown in section 5.2.5 and 
only the results are listed here. 
 
          kg CO2eq 
 
          kg CO2eq 
 
          kg CO2eq 
 
                                         kg CO2eq  (33) 
 
As shown in Equation (33), total GHG emissions related to transportation phase of ABS 
used in Mass produced Biofore car was calculated to be 0.67 kg CO2eq and shown in 
Table 15. 
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Table 15. Emissions related to transportation phase of ABS used in mass produced Biofore car. 
 
Emissions 
 
Values 
 
Units 
 
E31 
 
0.313 
 
kg CO2eq 
 
E32 
 
0.302 
 
kg CO2eq 
 
E33 
 
0.056 
 
kg CO2eq 
 
Total 
 
0.670 
 
kg CO2eq 
 
 
The GHG emissions calculated for all the phases of UPM ForMi used in Biofore Con-
cept Car is summarized in Table 16. 
 
Table 16. GHG emissions of life cycle phases of ABS used in Mass produced Biofore car. 
 
Phases 
 
Emission [kg CO2eq] 
 
Percentage [%] 
 
Cradle-to-Gate 
 
82.76 
 
11.40 
 
Processing 
 
16.45 
 
2.26 
 
Use 
 
598.40 
 
82.46 
 
Disposal 
 
27.34 
 
3.76 
 
Transportation 
 
0.67 
 
0.09 
 
Total 
 
725.62 kg CO2eq 
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6 Results and Discussions 
 
In this part of the thesis report, results of all the calculations performed in chapter 5 are 
presented and discussed under separate headings. Comparisons of emissions from 
different phases are graphically represented in pie charts. Finally, the total and phase-
wise GHG emissions of UPM ForMi and ABS used in Mass produced Biofore car are 
also compared and discussed. 
 
6.1 CFPA of UPM ForMi used in Biofore Concept Car 
 
In concept car making, resource consumption is higher than in mass production and 
this can be clearly seen in the results of GHGE calculation as shown in Table 10. Pro-
cessing phase accounts for over 92 % of the total GHG emission, and it is directly re-
lated to the one-time use of mold material, SikaBlockTM M650. The other noticeable 
phase is the use phase accounting for 5.7% of total GHG emission but it is still shad-
owed by the emission from processing phase. Remaining emissions from the CTG, 
disposal and transportation phases are negligible but are still included in the overall 
emission calculation to make analysis more detailed. 
 
 
Figure 9. GHG emission contribution of life cycle phases of UPM ForMi used in Biofore Concept Car 
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The pie chart in Figure 9 represents the contribution of various phases to total life cycle 
GHG emissions of UPM ForMi used in Biofore Concept Car. As evidenced by the com-
parison result shown in Figure 9, it can be concluded that transportation and disposal 
phase emissions can be safely excluded from CFPA of this type. 
 
6.2 CFPA of UPM ForMi used in Mass produced Biofore car 
 
GHG emissions of various phases of UPM ForMi used in Mass produced Biofore car 
are listed in Table 13. The use phase of a passenger car is the most dominant phase in 
terms of GHG emissions [36] and the trend stays the same when emission of its parts 
(such as UPM ForMi used in city car) are derived from total emission on the basis of 
their mass. It can be seen from Table 13 that use phase of UPM ForMi used in Mass 
produced Biofore car is dominant and accounts for approximately 88% of total GHG 
emission. 
 
When compared to the GHG emissions of UPM ForMi used in Biofore Concept Car, 
processing phase emissions have decreased by approximately 320 times as the mold 
for processing thermoplastics is assumed to be used for numerous times and emis-
sions related to its use are excluded. CTG phase emissions have also decreased by 
half because of the assumption that there is no loss of mass during processing phase. 
In practice, there is some but minimal scrap losses in injection molding of plastics. 
Transportation phase emissions in this CFPA can also be safely excluded as it ac-
counts for only 0.36 % of total life cycle GHG emission.  
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Figure 10. GHG emission contribution of life cycle phases of UPM ForMi assumed to be used in Mass 
produced Biofore car. 
 
Comparing the total GHG emission, it can be concluded that that it is over eight times 
more environmentally friendly to use UPM ForMi in the Mass produced Biofore car than 
in the Biofore Concept Car. 
 
6.3 CFPA of ABS used in Mass produced Biofore car 
 
Table 16 shows the GHG emissions of various phases of ABS used in Mass produced 
Biofore car along with percentage contribution of each phase to total life cycle GHG 
emissions. This phase wise contribution to total CFP of ABS is represented in Figure 
11. 
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Figure 11. Contribution of life cycle phases of ABS to total GHG emission when assumed to be used in 
Mass produced Biofore car. 
 
Similar to the case of UPM ForMi used in Mass produced Biofore car, the use phase of 
ABS also dominates total GHG emissions but has slightly smaller contribution than in 
the former’s case. It can be related to the higher CTG phase emissions of ABS be-
cause CTG emissions factor for ABS resins is twice as much as that of UPM ForMi 
resins as shown in Figure 5. 
 
6.4 Comparison of the results of CFPA of UPM ForMi and ABS used in Mass pro-
duced Biofore car 
 
Figure 12 shows the phase-wise and total life cycle comparison of GHG emissions of 
UPM ForMi and ABS when assumed to be used in Mass produced Biofore car. 
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Figure 12. Comparison of GHG emission of ABS and UPM ForMi assumed to be used in Mass produced 
Biofore car. 
 
As shown in Figure 12, GHG emissions for each life cycle phase of ABS exceed emis-
sions of UPM ForMi when used in Mass produced Biofore car with an exception of 
transportation phase but the difference is negligible standing at 1.66 kg CO2eq.  The 
biggest difference of 45.26 kg CO2eq is in CTG phase as CTG emission factor for ABS 
is twice as that of UPM ForMi. The other significant difference of 21.37 kg CO2eq is in 
use phase resulting due to the higher density of ABS. In the disposal phase, the differ-
ence is mainly because of closed-loop recycling where it was assumed that the recy-
cled granulates should be plasticized with 60% virgin granulates. As mentioned earlier, 
virgin granulates of ABS have higher CTG emission factors than that of UPM ForMi 
thus increasing the disposal phase emissions for ABS.  
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Table 17. Comparison of GHG emission of ABS and UPM ForMi assumed to be used in Mass produced 
Biofore car. 
 
Phases 
 
ABS Emission 
 
UPM ForMi Emission 
 
Difference 
 
Units 
 
Cradle-to-Gate 
 
82.76 
 
37.50 
 
45.26 
 
kg CO2eq 
 
Processing 
 
16.45 
 
15.66 
 
0.79 
 
kg CO2eq 
 
Use 
 
598.40 
 
577.03 
 
21.37 
 
kg CO2eq 
 
Disposal 
 
27.34 
 
22.56 
 
4.78 
 
kg CO2eq 
 
Transportation 
 
0.67 
 
2.33 
 
-1.66 
 
kg CO2eq 
 
Total 
 
725.62 
 
655.08 
 
70.54 
 
kg CO2eq 
 
Altogether, the use of UPM ForMi in city car instead of ABS could prevent approximate-
ly 70 kg CO2eq of GHG emissions from entering the atmosphere. This number when 
multiplied with the number of passenger cars manufactured in 2012 gives a staggering 
total of 4,449,286,657 kg CO2eq.  
 
6.5 Sensitivity Analysis  
 
In order to test the sensitivity of carbon footprint of UPM ForMi used in Mass produced 
Biofore car, four new scenarios were formed by changing assumptions on certain pa-
rameters within life cycle phases used in base scenario and subsequent GHG emis-
sions were calculated. Base scenario here refers to the assumptions made for CFP 
calculation in section 5.2 of this report. Firstly, appropriate phases were chosen based 
on the criterion that the contribution of phase on total GHG emissions should be signifi-
cant. Transportation phase emissions were negligible while CTG phase emissions 
were derived from other sources (there was no possibility of changing any parameters). 
Similarly, injection molding technique assumed to be used for plastic processing phase 
is already a prime and appropriate technique for plastic processing in industrial applica-
tions, and the emissions resulting from it are not significant. Thus, the only phases 
which were dominant and sensible to make sensitivity analysis on were the use phase 
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and the disposal phase. In the case of the disposal phase, testing of mechanical recy-
cling and combustion scenarios were interesting to test the EU waste treatment hierar-
chy that prefers recycling to combustion [37]. Scenarios assumed during the sensitivity 
analysis are described in detail and compared below. 
6.5.1 Use of UPM BioVerno biodiesel (Scenario 1) 
 
The scenario when the use phase of the Mass produced Biofore car would be using 
UPM BioVerno as a driving fuel was one of the interesting aspects to test since Biofore 
Concept Car was originally planned to have a modern combustion engine that could be 
driven with UPM BioVerno but the plan was dropped due to limited availability of the 
fuel [2]. UPM BioVerno is a wood-based renewable diesel made 100% outside the food 
value chain and UPM claims it to have 85% less GHG emissions compared to fossil 
fuels [38]. The resulting carbon footprint was calculated as shown below. 
 
                                            kg CO2eq 
                                  (      )               kg CO2eq 
 
The subsequent GHG emissions of this scenario are summarized in Table 18.  
 
Table 18. GHG emission of life cycle phases of UPM ForMi used in mass produced Biofore car driven by 
UPM BioVerno. 
 
Phases 
 
Emissions [kg CO2eq] 
 
Percentage [%] 
 
Cradle to gate 
 
37.50 
 
22.78 
 
Processing 
 
15.67 
 
9.52 
 
Use 
 
86.55 
 
52.58 
 
Disposal 
 
22.56 
 
13.70 
 
Transportation 
 
2.33 
 
1.42 
 
Total 
 
164.61 kg CO2eq 
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The contribution of life cycle phases to total GHGE is represented in Figure 13. 
 
 
Figure 13. GHG emission contribution of life cycle phases of UPM ForMi used in mass produced Biofore 
car driven by UPM BioVerno 
 
6.5.2  100% mechanical closed loop recycling (Scenario 2) 
 
In this scenario, one generation mechanical closed loop recycling was assumed to be 
the only method used in disposal phase. The resulting GHG emission for disposal 
phase was calculated to be approximately 47.85 kg CO2eq, a number twice than that 
calculated in base scenario. The total CFP of UPM ForMi was calculated to be 680.38 
kg CO2eq. 
6.5.3 100% mechanical open loop recycling (Scenario 3) 
 
In this scenario, one generation mechanical open loop recycling was assumed to be 
the only method used in disposal phase after which the recyclate would be used in ap-
plications with lower quality and strength need than in cars.  The resulting GHG emis-
sion for disposal phase was calculated to be approximately -21.02 kg CO2eq which 
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shows that open loop recycling of UPM ForMi completely offsets the emissions result-
ing from the use of virgin plastic resins unlike the closed loop recycling assumed in 
base scenario. The total CFP of UPM ForMi was calculated to be 611.5 kg CO2eq. 
 
6.5.4 100% combustion in WTEPP (Scenario 4) 
 
In this scenario, combustion of UPM ForMi in WTEPP of Vantaan Energia was as-
sumed to be the only method used in disposal phase. The subsequent GHG emission 
for disposal phase was calculated to be approximately 2.25 kg CO2eq, a significant de-
crease from base scenario’s disposal phase emission. The total CFP of UPM ForMi 
was calculated to be 634.78 kg CO2eq. 
6.5.5 Comparison of scenarios 
 
All the scenarios (base and new ones) are compared and discussed in this part in 
terms of total GHG emissions. The comparison is shown in Figure 14. 
 
 
Figure 14. Scenarios with their corresponding GHG emissions. 
 
As seen from Figure 14, Scenario 1 has the lowest emissions while Scenario 2 has the 
highest. Thus, use of UPM BioVerno is the most environmentally sound option that can 
be implemented in Mass produced Biofore car in order to decrease its global warming 
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impact. Scenario 2 has the highest GHG emissions due to 100% closed loop recycling 
rate which increases the use of virgin plastic resins with recyclates compared to other 
scenarios. 
6.6 Uncertainty Analysis 
 
The uncertainty of the model used in calculating carbon footprint of UPM ForMi as-
sumed to be used in mass produced Biofore car was analyzed by using Monte Carlo 
Simulation. Significant variables were chosen based on their impact on total CFP. 
Transportation phase was excluded in simulation due to its minimal impact (0.36%). 
Some other variables omitted in the simulation model were emission due to drying of 
resins during injection molding, transportations assumed to be involved in recycling and 
combustion processes, and grinding of plastic waste in mechanical recycling. An ap-
propriate probability distribution for each significant variables used in the model was 
chosen and the simulation was performed for 10000 runs using mathematical software, 
R. A careful study was done to choose the range within which the values of significant 
variables may fall in order to get proper parameters for the chosen distribution. It was 
important to select a proper range because of the lack of information on exact probabil-
ity distribution of the variables. The R script used in defining the probability distributions 
of significant variables can be found in Appendix 3. 
6.6.1 Significant Variables and Probability Distribution 
 
Table 19 shows the significant variables included in the simulation model and their 
probability distributions where ‘a’ is the lower limit, ‘b’ is the upper limit, and ‘c’ is the 
mode value of triangular distribution, ‘μ’ is the mean of normal distribution, and ‘λ’ the is 
rate parameter in exponential distribution. These variables and their probability distribu-
tions are described briefly below: 
6.6.1.1 Mass of UPM ForMi  
 
The mass of UPM ForMi used in mass produced Biofore car was assumed to be 20 kg 
in base scenario but upon enquiry with project representatives, it was confirmed that 
the mass could have been between 20-25 kg with higher probabilities of mass being 
around 20 kg. Thus, an exponential distribution was selected for the range with a rate 
parameter of 1.5. 
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6.6.1.2 Cradle-to-Gate Emission Factor 
 
The CTG emission factor for UPM ForMi GP20 lies in between the CTG emission fac-
tor of polypropylene and UPM ForMi GP40 [8]. In order to make the range more pre-
cise, the lower limit of range was selected to be an average of CTG emission factor of 
UPM ForMi GP40 and UPM ForMi GP20. Similarly, the upper limit of range was select-
ed to be an average of CTG emission factor of UPM ForMi GP20 and polypropylene. A 
triangular distribution was chosen for the probability distribution of CTG emission factor 
values with a mode value being the CTG emission factor of UPM ForMi GP20 used in 
base calculation. In all triangular distributions used for variables in this simulation, the 
mode value is assumed to be the value used in the base scenario’s calculation. 
6.6.1.3 Emission Factor of Electricity Use in Slovakia and Finland 
 
The emission factor of electricity use in Slovakia and Finland was assumed to follow 
triangular distribution. The lower value of range was assumed to be the standard emis-
sion factor of electricity consumption for Slovakia and Finland, mentioned in [28]. Simi-
larly, the upper value of range was assumed to be the maximum emission factor taken 
from [39] for both countries. 
6.6.1.4 Life Time of the Biofore Car 
 
Life time of the Biofore car was assumed to follow a normal distribution within the range 
180,000-220,000 km. The mean was assumed to be the value used in the base calcu-
lation and this assumption applies to all variables assumed to follow normal distribution 
in this simulation. Standard deviation was calculated by dividing the range by 6 be-
cause 99.97 percent of the data in a normal distribution should be within ± 3σ of the 
distribution. 
6.6.1.5 Mass of the Biofore Car 
 
Mass of the Biofore car was also assumed to follow normal distribution with a mean of 
1000 kg and within the range 900-1100 kg. 
6.6.1.6 Average Mass of a Finn 
 
The average mass of a Finnish citizen (car occupant) was assumed to follow a triangu-
lar distribution with mode value of 72.35 kg and range of 70-80 kg. 
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6.6.1.7 Emission Factor of Driving and car occupancy 
 
Emission factor of driving and car occupancy were both assumed to follow normal dis-
tributions. The range for emission factor of driving and car occupancy was assumed to 
be 0.137-0.208 kgCO2eq/km and 1.3-1.9 persons respectively. 
6.6.1.8 Recycling Rate 
 
Recycling rate was assumed to follow a triangular distribution. According to end-of-life 
vehicle directive 2000/53/EC, 95% of the material should be reused or recovered [17]. 
Thus, the recycling rate was set to be in the range of 0.4-1. 
6.6.1.9 Specific Electricity Consumption in Compounding 
 
Specific electricity consumption in compounding was assumed to follow triangular dis-
tribution within the range 0.9-2.45 kWh/kg, with a mode value of 1.13 kWh/kg. 
6.6.1.10 Emission Factor of Martinlaakso Power Plant 
 
The CO2 emission factor used in base calculation was calculated using the amount of 
fuel used and their emission factors resulting from stoichiometric analysis. This did not 
include the emissions due to extraction, refining and transportation of fuels. For that 
reason, an exponential probability distribution was chosen for emission factor of Martin-
laakso power plant with rate parameter of 4. The high rate parameter of 4 was chosen 
to restrict the upper limit of range for this variable.  
6.6.1.11 Emission Factor of Polypropylene Combustion 
 
Emission factor of polypropylene combustion was assumed to follow a normal distribu-
tion within the range 74-74.5 kgCO2eq/kg. 
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Table 19. Significant variables and their probability distribution used in Monte Carlo simulation. 
Variables Probability 
Distributions 
Parameters 
Mass of UPM ForMi Exponential start= 20; λ = 1.  
CTG Emission Factor Triangle a=1.703, b=2.047, c=1.875 
Specific Energy Consumption 
of Injection Molding 
Triangle a=0.88, b=5.01, c=1.85 
Emission Factor of Electricity 
Use in Slovakia 
Triangle a=0.252, b=1.06, c=0.452 
Emission Factor of Electricity 
Use in Finland 
Triangle a=0.216, b=0.670, c=0.418 
Life Time of the Biofore Car Normal μ=200,000 ;  
range =[ 180,000  220,000 ] 
Mass of the Biofore Car Normal μ=1,000 ; range = [ 900  1,100 ] 
Emission Factor of Driving Normal μ=0.160 ; range = [ 0.137  0.208 ] 
Car Occupancy Normal μ=1.7 ; range = [ 1.3  1.9 ] 
Recycling Rate Triangle a=0.4, b=1, c=0.4 
Average Mass of a Finn Triangle a=70, b=80, c=72.35 
Specific Electricity Consump-
tion in Compounding 
Triangle a=0.9, b=2.45, c=1.13 
Emission Factor of Martin-
laakso Power Plant 
Exponential Start= 71. ; λ = 4 
Emission Factor of Polypro-
pylene Combustion 
Normal μ=74.1 ; range = [ 74  74.  ] 
 
The model used in simulation is shown below: 
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                                          (34) 
 
Using the model shown by Equation (34) and the chosen probability distributions, Mon-
te Carlo simulations were performed. The histogram of results of simulations is shown 
in Figure 15. 
 
Figure 15. Histogram and line plot of the results of simulated carbon footprint model. 
Assuming a confidence level of 95%, the lower and upper limit of confidence interval 
was found to be 565 kg CO2eq and 805 kg CO2eq. This suggests that based on the 
model and probability distributions used, there is 95% probability of getting a true value 
of total carbon emission of UPM ForMi assumed to be used in mass produced Biofore 
car within the range [565 -  805] kg CO2eq. 
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Table 20. Parameters of the distribution of simulated total carbon emissions of UPM ForMi. 
Distribution Parameter Parameter Values Units 
Minimum 496.1 kg CO2eq 
1st Quartile 642.1 kg CO2eq 
Median 679.5 kg CO2eq 
Mean 682.3 kg CO2eq 
3rd Quartile 719.9 kg CO2eq 
Maximum 969.5 kg CO2eq 
 
The result of Monte Carlo simulation of total carbon emission of UPM ForMi used in 
mass produced Biofore car is represented in Figure 16 as a box plot showing 5th and 
95th percentile. 
 
Figure 16. Box plot of simulated results of total carbon emission of UPM ForMi. 
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6.7 Sustainability Life Cycle Assessment (SLCA) of UPM ForMi Used in Mass Pro-
duced Biofore Car 
 
In order to further assess the sustainability of UPM ForMi when assumed to be used in 
mass produced Biofore car driven by UPM BioVerno, a qualitative life cycle assess-
ment based on the framework of The Natural Step was performed. SLCA is a tool de-
veloped by the Natural Step that consists of a ten-steps process aimed at identifying 
the degree of sustainability in key areas of a product’s life cycle. It helps in performing 
a quicker yet rigorous qualitative assessment, capacity building and communication 
around product sustainability [40]. These ten steps of SLCA are listed below: 
 
1. Setting goal and scope 
2. Creating a shared definition of the sustainable product system 
3. Define the system boundaries and life cycle scenario for the sustainability assess-
ment 
4. Conduct an inventory analysis of the life cycle 
5. Sustainability assessment – Use the sustainability principles to assess sustainabil-
ity strengths and weaknesses 
6. Analysis & synthesis of results – Identifying key impact areas 
7. Brainstorm possible solutions 
8. Prioritize solutions 
9. Create an innovation roadmap 
10. Measure and report progress (ongoing) 
The sustainability principles mentioned in step 5 of SLCA are the system conditions of 
a sustainable society set by the Natural Step and they claim that these form the ‘trunk 
and branches’ of their approach to strategic sustainable innovation and development. 
These sustainability principles are shown in Figure 17.  
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Figure 17. Sustainability principles of SLCA. 
 
Figure 18 shows the system conditions and the process of identifying sustainability in 
different phases of product’s life cycle. As this section is an addition to understand sus-
tainability status of UPM ForMi, only the first five steps of SLCA were followed, exclud-
ing step 2. Step 2 in SLCA assists to perform step 9 which lies outside the scope of this 
section. 
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Figure 18. Sustainability principles and the process of identifying sustainability in product’s life cycle in 
SLCA [40]. 
The sustainability status of UPM ForMi was assessed by answering a questionnaire 
which consists of carefully directed questions for each life cycle phases [40]. These 
questions were answered in a beta version of software platform, Ouro, developed by 
the Nativa Lab. The questions first assess impact of the product based on four sustain-
ability principles (shown in Figure 17). Alongside impacts, they also try to identify if 
there are any targets of the related company in making sustainable changes within the 
life cycle of the product, again based on sustainability principles. Thus, the questions 
are divided into impact and progress categories. After the questions were answered, 
the software gave a result in the form of matrix of colors for each sustainability princi-
ples in each life cycle phases: green for the most sustainable and red for the least sus-
tainable. Please refer to the link in [40] for further details on SLCA process.  
 
The life cycle phases and assumptions in this SLCA correspond to the ones used in 
CFP calculation of UPM ForMi assumed to be used in mass produced Biofore car with 
an exception of the use of fuel during use phase driving where diesel was replaced by 
UPM BioVerno, a fuel that, according to UPM, is compatible with all diesel engines 
[41]. Furthermore, packaging was included in SLCA assuming that packaging consist-
ed of plastic (primary) and corrugated fiberboard (secondary).  
  55 
 
An extensive study was done to answer the questionnaire to assess UPM ForMi’s sus-
tainability. The answers were mostly based on information available through the related 
companies’ websites. Some questions were also answered based on probabilistic 
guesses such as the type of fuel or electricity (fossil or renewable based) used in raw 
material and production phases. For example, the share of renewable energy con-
sumed in Finland in 2011 was only 28% and it is highly likely that the electricity used in 
production of UPM ForMi is based on fossil fuels [42]. The result of SLCA sustainability 
assessment of UPM ForMi is shown in Figure 19. 
 
 
Figure 19. Result of the SLCA of UPM ForMi assumed to be used in mass produced Biofore car. 
 
As seen from the sustainability assessment, use of UPM ForMi in mass produced Bio-
fore car appear to show high degree of sustainability in use phase. This was possible 
due to the use of UPM BioVerno as driving fuel, since sustainably sourced renewable 
derived fuel has positive impacts on all the sustainability principles. Alongside use 
phase, disposal phase and raw material phase also showed considerably high sustain-
ability. Recycling and combustion assumed to be the end-of-life options for UPM ForMi 
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gave positive impacts on sustainability principles 1, 2, and 3. The assumed operation of 
these processes in Finland with humane and safe working environment has enhanced 
UPM ForMi’s sustainability in the fourth principle too. Similarly, raw material phase’s 
sustainability was upgraded due to the presence of sustainably sourced, renewable, 
and biodegradable cellulose fibers. Sustainability principle 4 was the most observed 
principle among all because of the safe and humane working environment present in all 
the phases, along with zero health effects related to the intended use of UPM ForMi in 
the car’s interior. 
6.8 Discussion 
 
The CFPA of UPM ForMi used in Biofore Concept Car, UPM ForMi assumed to be 
used in Mass produced Biofore car, and ABS assumed to be used in Mass produced 
Biofore car were successfully conducted and the latter two were also compared in this 
thesis project. Sensitivity analyses and uncertainty analysis were also performed on the 
CFP of UPM ForMi assumed to be used in Mass produced Biofore car. Proper as-
sumptions were made to make the calculations easier and to facilitate the data mining. 
Similarly, a fairly long time-span of five months was available for the researcher to 
complete the analysis which gave enough time to review the calculations. An approach 
of this type can be suitable for a CFPA of simple materials like UPM ForMi but may not 
be suitable for complicated materials or processes. For example, the CFPA of Biofore 
Concept Car would become very tedious with this approach as the car consists of 
thousands of such parts. 
 
UPM ForMi GP20 consists of 20% cellulose fibers in polypropylene matrix which is 
derived from well-managed Finnish forest. ABS, on the other hand, is a synthetic plas-
tic consisting of three synthetic monomers: acrylonitrile, butadiene, and styrene. The 
presence of cellulose fibers gives UPM ForMi a higher eco-profile. The emission factor 
for its resins is less than half of the emission factor for the resins of ABS. Similarly, an 
additional kilogram of mass included in the calculation for ABS increases its GHG 
emissions during the CFPA. It is no wonder that UPM ForMi is a truly innovative ther-
moplastic that uses one of the most abundant and recyclable product in nature but the 
CFPA analysis performed also signifies its environmental friendliness regarding global 
warming impacts. Thus, it can be concluded that the use of UPM ForMi instead of a 
conventional thermoplastic like ABS for car’s interior is an environmentally friendlier 
option and when used in an industrial scale can save over 4 billion kilograms of GHG 
emissions (calculated using the number of passenger cars manufactured in 2012). Ac-
  57 
 
cording to the result of the sensitivity analyses, use of modern combustion engine that 
could use UPM BioVerno proved to be the most environmentally friendlier option that 
can be introduced to Mass produced Biofore car when it will be in actual production. 
SLCA of UPM ForMi assumed to be used in mass produced Biofore car driven by UPM 
BioVerno provided further assurance to its sustainability. SLCA highlighted the use of 
cellulose fibers, UPM BioVerno as driving fuel, and safe working environment in differ-
ent life cycle phases of UPM ForMi to be the underlying reasons for its higher sustain-
ability status. 
7 Conclusion 
 
The ‘Biofore Concept Car’ is one of many successful and challenging projects among 
the student car projects undertaken by Automotive and Transport Engineering depart-
ment of Helsinki Metropolia UAS. One of its specialties is the use of innovative and 
eco-friendly materials such as carbon fiber, UPM Grada plywood, and UPM ForMi to 
manufacture an ultralight but street-legal city car. Recyclability, renewability, and envi-
ronmental friendliness are the main approaches taken during manufacturing. 
 
The interior of Biofore Concept Car is furnished with UPM’s products such as UPM 
ForMi thermoplastic bicomposite and UPM Grada plywood. In this thesis project, 
CFPAs were conducted on UPM ForMi used in Biofore Concept Car and assumed to 
be used in Mass produced Biofore car. A CFPA was also conducted on ABS assumed 
to be used in Mass produced Biofore car in order to compare carbon footprint of UPM 
ForMi with a commonly used conventional thermoplastic. The GHG emission of manu-
facturing phase was very dominant in the case of UPM ForMi used in Biofore Concept 
Car which can be directly related to the use of mold material, SikaBlockTM M650.  
 
The main aim of this thesis project was to compare the CFPA of UPM ForMi assumed 
to be used in Mass produced Biofore car with a conventional thermoplastic. ABS was 
chosen to be a suitable thermoplastic for comparison since it is commonly used in au-
tomotives. The comparison of GHG emission of UPM ForMi with that of ABS resulted in 
a saving of approximately 70 kg CO2eq of GHG emissions. Uncertainty analysis was 
performed using Monte Carlo Simulation on the use of UPM ForMi in mass produced 
Biofore car. Results of Monte Carlo Simulation of 10,000 runs suggested that based on 
the model and probability distributions used and assuming a confidence interval of 
0.95, there is 95% probability of getting a true value of total carbon emission of UPM 
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ForMi used in mass produced Biofore car within the range [565 - 805] kg CO2eq. Sensi-
tivity analyses were also performed by creating various scenarios on the CFP of UPM 
ForMi used in Mass produced Biofore car. The result of sensitivity analyses suggested 
that the use of UPM BioVerno in Mass produced Biofore car during use phase is the 
most essential parameter to increase UPM ForMi’s eco-friendliness in terms of global 
warming. 
 
Presence of cellulose fibers obtained from sustainably managed forests of Finland 
makes UPM ForMi an environmentally friendlier option compared to ABS. The result of 
comparative CFPA analysis also proves the ecological significance of UPM ForMi over 
ABS in four out of five life cycle phases studied. A qualitative life cycle assessment, 
SLCA, based on the framework of the Natural Step was also performed on UPM ForMi 
assumed to be used in mass produced Biofore car driven by UPM BioVerno. The re-
sults of SLCA highlighted its high degree of sustainability status in use, disposal and 
raw material phases. As car makers are actively looking for alternative materials for 
decreasing the carbon footprint and enhancing sustainability standards of their prod-
ucts, UPM ForMi appears to be a suitable and reasonable thermoplastic to replace 
conventional plastics.  
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Appendix 1. Calculations: UPM ForMi used in Biofore Concept Car 
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Processing Phase: Thermoforming 
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Processing Phase: Mold material (SikaBlockTM M650) 
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Disposal Phase: Mechanical Recycling 
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Disposal Phase: Combustion 
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Appendix 2. Calculations: UPM ForMi used in Mass produced Biofore car 
 
Processing Phase: Drying 
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Appendix 3. Monte Carlo Simulation in R 
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